Principles and status of using semiconductor in PEC
In general, hydrogen can be obtained electrolytically, photo-electrochemically, thermochemically, and biochemically by direct decomposition from the most abundant material on earth: water. Though a hydrogen-oxygen fuel cell operates without generating harmful emissions, most hydrogen production techniques such as direct electrolysis, steammethane reformation and thermo-chemical decomposition of water can give rise to significant greenhouse gases and other harmful by-products. We will briefly review the solid-state semiconductor electrodes for PEC water splitting using sunlight. Photochemical hydrogen production is similar to a thermo-chemical system, in that it also employs a system of chemical reactants, which leads to water splitting. However, the driving force is not thermal energy but sunlight. In this sense, this system is similar to the photosynthetic system present in green plants. In its simplest form, a photoelectrochemical (PEC) hydrogen cell consists of a semiconductor as a reaction electrode (RE) and a metal counter electrode (CE) immersed in an aqueous electrolyte, and PEC water splitting at the semiconductorelectrolyte interface drove by sunlight, which is of considerable interest as it offers an environmentally "green" and renewable approach to hydrogen production (Memming, 2000) .
Principles of PEC
The basic principles of semiconductor electrochemistry have been described in several papers and books (Fujishima & Honda, 1972; Gerscher & Mindt, 1968; Narayanan & Viswanathan, 1998; Memming, 2000; Gratzel, 2001) . Fig. 1 . The band diagram of the PEC system. The conduction band edge needs to be located negative (on an electrochemical scale) high above the reduction potential of water, the valence band edge positive enough below the oxidation potential of water to enable the charge transfer. NHE stands for "normal hydrogen electrode".
The only difference between a photoelectrochemical and a photovoltaic device is that in the PEC case, a semiconductor-electrolyte junction is used as the active layer instead of the solid-state junctions in a photovoltaic structure. In both cases, a space charge region is formed where contact formation compensates the electrochemical potential differences of electrons on both sides of the contact. The position of the band edges of the semiconductor conduction www.intechopen.com Amorphous Silicon Carbide Photoelectrode for Hydrogen Production from Water using Sunlight 355 at the interface can be assumed in a first approximation to be dependent only on the pH of the solution and independent of the potential (Fermi level) of the electrode or the electrolyte (Memming, 2000; Kuznetsov & Ulstrup, 2000) . For direct photoelectrochemical decomposition of water, several primary requirements of the semiconductor must be met: the semiconductor system must generate sufficient voltage (separation of the quasi Fermi levels under illumination) to drive the electrolysis, the energetic of the semiconductor must overlap that of the hydrogen and oxygen redox reactions (saying the band positions at the semiconductor-electrolyte interface have to be located at an energetically suitable position as shown in Fig.1 ), the semiconductor system must be stable in aqueous electrolytes, and finally the charge transfer from the surface of the semiconductor must be fast enough not only to prevent corrosion but also reduce energy losses due to overvoltage (Gerscher & Mindt, 1968; Narayanan & Viswanathan, 1998; Memming, 2000) . Neglecting losses, the energy required to split water is 237.18 kJ/mol, which converts into 1.23 eV, i.e. the PV device must be able to generate more than 1.23 Volts. The STH conversion efficiency in PEC cells can be generally expressed as Efficiency= = chemical energy in hydrogen produced in a PEC cell energy in the sunlight over the collection area
where J ph is the photocurrent density (in mA/cm 2 ) generated in a PEC cell, V WS = 1.23 V is the potential corresponding to the Gibbs free energy change per photon required to split water, and Es is the solar irradiance (in mW/cm 2 ). Under AM1.5 G illumination, a simple approximation for the STH efficiency is J ph times 1.23(in %) (Memming, 2000; Miller & Rocheleau, 2002) .
Status of using semiconductor in PEC
Although as early as in 1839 E. Becquerel (Memming, 2000) had discovered the photovoltaic effect by illuminating a platinum electrode covered with a silver halide in an electrochemical cell, the foundation of modern photoelectrochemistry has been laid down much later by the work of Brattain and Garret and subsequently Gerischer (Bak, et al., 2002; Mary & Arthru, 2008) , who undertook the first detailed electrochemical and photoelectrochemical studies of the semiconductor-electrolyte interface. From then on, various methods of water splitting have been explored to improve the hydrogen production efficiency. So far, many materials that could be used in the PEC cell structure have been identified as shown in Fig.2 . However, only a few of the common semiconductors can fulfil the requirements presented above even if it is assumed that the necessary overvoltage is zero. It should be noted that most materials have poor corrosion resistance in an aqueous electrolyte and posses high bandgap, which prevents them from producing enough photocurrent (Fig.5) . Photoelectrolysis of water, first reported in the early 1970 's (Fujishima, 1972 , has recently received renewed interest since it offers a renewable, non-polluting approach to hydrogen production. So far water splitting using sunlight has two main approaches. The first is a two-step process, which means sunlight first transform into electricity which is then used to split water for hydrogen production (Tamaura, et al., 1995; Hassan & Hartmut, 1998) . Though only about 2V is needed to split water, hydrogen production efficiency depends on large current via wires, resulting in loss due to its resistance; the two-step process for hydrogen production is complex and leads to a high cost. The lower edge of the conduction band (red colour) and the upper edge of the valence band (green colour) are presented along with the bandgap in electron volts. For comparison, the vacuum energy scale as used in solid state physics and the electrochemical energy scales, with respect to a normal hydrogen electrode (NHE) as reference points, are shown as well as the standard potentials of several redox couples are presented against the standard hydrogen electrode potential on the right side (Gratzel, 2001 ).
Another approach is a one-step process, in which there are no conductive wires and all the parts are integrated for water splitting, as shown in Fig.3 . In this structure as there are no wires, hence no loss. Another advantage is that the maintenance is low compared to the two-step process discussed above. Fig. 3 . Generic Planar Photoelectrode Structure with Hydrogen and Oxygen Evolved at Opposite Surfaces (Miller & Rocheleau, 2002) In 1972, Fujishima and Honda used n type TiO 2 as the anode and Pt as the cathode to form the PEC structure and achieved 0.1% of STH efficiency (Fujishima & Honda, 1972) . In this system TiO 2 absorbed the sunlight to produce the current while its bandgap (~3.2eV) provided the needed voltage for water splitting. Although TiO 2 is corrosion resistant in an aqueous electrolyte, but because of its high band gap leads to absorption of sunlight in the short wavelength range only, resulting in a small current and hence a low STH efficiency. In order to increase the current, some researchers are attempting to narrow its bandgap to enhance its absorption, and with limited success (Masayoshi, et al., 2005; Nelson & Thomas, 2005; Srivastava, et al. 2000) . In 1975, Nozik first reported using SrTiO 3 (n) and GaP(p) photoelectrodes as the anode and cathode respectively (Nozik, 1975) and obtained a STH efficiency of 0.67%. In 1976, Morisaki's group introduced utilizing a solar cell to assist the PEC process for hydrogen production (Morisaki, et al., 1976) . Silicon solar cell was integrated with TiO 2 in series to form a PEC system, which exhibited higher photo current by absorbing more sunlight and higher voltage. Later, Khaselev and Turner in 1998 reported 12.4% of STH efficiency using p-GaInP 2 /n-GaAs/p-GaAs/Pt structure (Khaselev & Turner, 1998) ; in this, surface oxygen was produced at the p-GaInP 2 side and hydrogen from the Pt side. Although this structure exhibited high STH efficiency, the corrosion resistance of p-GaInP 2 in an aqueous electrolytes was very poor, and was almost all etched away within a couple of hours. . (Miller, et al., 2003) Richard et al., reported 7.8% of STH efficiency by using NiMo or CoMo as cathode, Ni-Fe-O metal as anode and integrating with a-Si/a-Si:Ge/a-Si:Ge triple junctions solar cell as shown in Fig.4 (a) (Richard, et al., 1998) . They also used copper indium gallium selenide (CIGS) module to replace a-Si triple junctions to produce even higher photo current as shown in Fig.4 (b) . Yamada, et al., also used a similar structure (Co-Mo and the Fe-Ni-O as the electrodes) and achieved 2.5% STH efficiency (Yamada, et al., 2003) . More notably, a STH efficiency of 8% was reported by Lichta, et al., using AlGaAs/Si RuO 2 /Pt black structure (Lichta, et al., 2001) . In this structure, solar cell was separated from the aqueous electrolyte to avoid being corroded; it should be noted that the fabrication process for the device was very complicated. The non-transparent electrode had to cover the active area of the solar cell in order to enlarge electrode-electrolyte contact to as large area as possible. In 2006, a "hybrid" PEC device consisting of substrate/amorphous silicon (nipnip)/ ZnO/WO 3 , which would lead to ~3% solar-to-hydrogen (STH) conversion efficiency, was reported (Stavrides, et al., 2006) . In this configuration, transparent WO 3 prepared by sputtering technique acted as the photoelectrode, whereas the amorphous silicon tandem solar cell was used as a photovoltaic device to provide additional voltage for water splitting at the interface of photoelectrode-electrolyte. In this structure, primarily the UV photons are absorbed by WO 3 while the green to red portion of the AM1.5 Global spectra was absorbed in the a-Si tandem photovoltaic device. Due to a high bandgap (Eg) (2.6-2.8eV) of the WO 3 photoelectrode, the photocurrent density of this hybrid PEC device is limited to no more than 5 mA/cm 2 (as shown in Fig.5 ), resulting in low STH efficiency. The US Department of Energy has set a goal to achieve STH conversion efficiency of 10% by 2018 (Miller & Rocheleau, 2001 ). To reach this goal, a photocurrent > 8.1mA/cm 2 is needed in PEC devices as deduced from equation (1). As shown in Fig.5 , materials with narrower bandgap could produce higher photo current, such as a-SiC:H and a-SiN x :H which can be routinely grown using plasma enhanced chemical vapor deposition (PECVD) technique and their bandgaps can be tailored into the ideal range by the control of stoichiometry, i.e., ≤ 2.3eV. In addition to generating enough photocurrent, necessary for STH conversion efficiency higher than 10%, a-SiC:H when in contact with the electrolyte, could also produce a significant photovoltage as other semiconductors (Nelson&Thomas, 2008) , which would then reduce the voltage that is needed from the photovoltaic junction(s) for water splitting.
Further, incorporation of carbon should lead to a more stable photoelectrode compared to pure amorphous silicon, which has poor resistance to corrosion when in contact with the electrolyte (Mathews, et al., 2004; Sebastian, et al., 2001 ).
a-SiC:H materials and its application as absorber layer in solar cells
A-SiC:H films were fabricated in a PECVD cluster tool system specifically designed for the thin film semiconductor market and manufactured by MVSystems, Inc. The intrinsic aSiC:H films were deposited using CH 4 , SiH 4 , and H 2 gas mixtures at 200°C substrate temperature. The detail deposition parameters were presented in the reference . Fig.6 shows the bandgap (E g ), photoconductivity (σ ph ) and gamma factor (γ) as function of CH 4 /(SiH 4 +CH 4 ) gas ratio used during a-SiC:H growth. As CH 4 /(SiH 4 +CH 4 ) gas ratio increases, Eg increases from ~1.8eV to over 2.0eV ( Fig.6 (a) ) while the dark conductivity (σ d ) decreases to <1.0 x 10 -10 S/cm (not shown here), which is the limit of the sensitivity of our measurement technique. We also note that σ ph decreases from about 1.0 x 10 -5 to 1.0 x 10 -8 S/cm when CH 4 /(SiH 4 +CH 4 ) gas ratio increases.
a-SiC:H materials prepared by RF-PECVD
Here, the γ, is defined from σ ph ∝ F γ , where σ ph is the photoconductivity and F is the illumination intensity; we infer the density of defect states (DOS) of the amorphous semiconductor from this measurement (Madan & Shaw, 1988) . High-quality a-Si materials Eg ( e V)
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1. E-04 generally exhibits γ >0.9. As shown in Fig.6 (b), when CH 4 /(SiH 4 +CH 4 ) gas ratio is > 0.35, γ decreases to a low value of ~0.7, indicative of a material with high defect states. For CH 4 /(SiH 4 +CH 4 ) gas ratio < 0.3, γ > 0.9, which indicates the DOS in materials is low. Fig.6 also shows the effect of hydrogen on a-SiC:H films. E g and σ ph of a-SiC:H films prepared with 100sccm H 2 flow during deposition process have similar value as that prepared without H 2 as shown in Fig.6 (a). It should be noted that use of H 2 during fabrication led to an increase of γ, as shown in Fig.6 (b), indicates that the DOS in the film is decreased due to removal of weak bonds due to etching and passivation (Yoon, et al., 2003; Hu, et al., 2004; ) . Evidence of carbon incorporation in the films can be discerned from infrared (IR) spectroscopy. As shown in Fig.7 , regardless of H 2 addition during deposition process, the peak at 2000 cm -1 (related to Si-H stretching vibration mode) always shifts towards 2080 cm -1 , once CH 4 /(SiH 4 +CH 4 ) gas ratio is greater than 0.2. This shift of Si-H stretching vibration mode is mainly caused by incorporation of C atoms, and probably due to the backbonding of the Si atoms to carbon (Hollingsworth, et al., 1987) . In addition, it is found that in the a-SiC:H films using 100sccm H 2 dilution, the ratio of the absorption peak at 2080 cm -1 to 2000 cm -1 is smaller than that without the use of H 2 dilution, implying less defective films (Hu, et al., 2004) . It is also seen from Fig.7 (a) that in the a-SiC:H without H 2 dilution, the IR (a) (b)
www.intechopen.com Solar Energy 360 peak at 780 cm -1 , which is related to Si-C stretching mode, increases as the CH 4 /(SiH 4 +CH 4 ) gas ratio increases; whereas films produced with 100sccm H 2 dilution, this peak keeps almost constant (as shown Fig.7(b) ). This is likely due to the removal of SiH 2 and a decrease of carbon clusters in the films (Desalvo, et al., 1997) . It was also found that at a fixed CH 4 /(SiH 4 +CH 4 ) =0.2, σ ph is enhanced from 4.0 x 10 -7 S/cm to 3.2 x 10 -6 S/cm as the H 2 flow increased from 0 to 150sccm. The decrease in σ ph with increasing CH 4 /(SiH 4 +CH 4 ) gas ratio as shown in Fig. 6 (a) is unlikely be due to an increase of the recombination centers related to defects since the γ factor is >0.9.The decrease of σ ph results from a reduction in the absorption coefficient as Eg increases. In order to further evaluate this, the nominal photocurrent, Ip, at certain wavelength, under uniform bulk absorption (here we select wavelength 600nm) can be measured and the photocurrent be expressed as,
Where, N ph(λ) is the photon flux, R λ is the reflection coefficient, α λ the absorption coefficient, d the film thickness, η is the quantum efficiency of photo generation, ĩ is the recombination lifetime and t t is the transit time. Assuming that η, ĩ, t t and (1-R λ ) are constant for different films (i.e. different E g ), then to the first order approximation, the normalized photocurrent,
, can account for the changes in the absorption coefficient as E g varies (Madan & Shaw, 1988) . It was indeed shown that the normalized photocurrent does not change significantly as E g increases . This is in contrast to the decrease in σ ph with E g as shown in Fig.6 (a), suggesting a low DOS, consistent with high γ (>0.9) throughout the range. Fig. 8 . Absorption coefficient curves of three a-SiC:H films, with differing carbon concentrations, measured using photothermal deflection spectroscopy (PDS) Fig.8 shows the absorption coefficient of the three chosen films with differing carbon concentrations, prepared with H 2 dilution, measured by the photothermal deflection www.intechopen.com
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Amorphous Silicon Carbide Photoelectrode for Hydrogen Production from Water using Sunlight 361 spectroscopy (PDS). Using energy dispersive x-ray spectroscopy on a JEOL JSM-7000F field emission scanning electron microscope with an EDAX Genesis energy dispersive x-ray spectrometer their carbon concentrations are 6, 9, and 11% (in atomic), corresponding to methane gas ratio, used in the fabrication, of 0.20, 0.29 and 0.33 respectively. The signal seen here is a convolution of optical absorption from every possible electronic region including extended, localized and deep defect states. In the linear region between about 1.7-2.1eV, the absorption coefficient primarily results from localized to extended state transitions and is known as the Urbach tail. This region can be described by α=α 0 exp(E/E 0 ) where E is the excitation energy and E 0 is the Urbach energy which is the inverse slope of the data when plotted versus ln(α). Since the absorption coefficient here directly depends on the density of localized states, E 0 is considered to be a measure of the amount of disorder (Cody, et al., 1981) . Their bandgap values are presented in Fig.6 (a) as previously discussed and E 0 is 78, 85, and 98 meV for carbon concentrations of 6, 9, and 11%, respectively. For comparison, a typical value for device grade a-Si:H is ~50 meV (Madan & Shaw, 1988) . As the carbon concentration increases, so too does the value of E 0 . This is expected as the density of localized states is increasing with more disorder created by introducing more carbon. Also, there is an increase in the bandgap from E 04 = 2.06-2.18eV with carbon concentration (E 04 is defined as the energy value where the absorption coefficient α = 10 4 cm -1 ). This is known to be a result of at least some of the carbon being incorporated in the form of sp 3 carbon which is essentially an insulator (Solomon, 2001) . The feature at 0.88eV in Fig. 8 is an overtone of an O-H vibrational stretch mode from the quartz substrate.
As the bandgap increases with carbon incorporation, as evidenced from the PDS data, the Urbach energies are 50% to 100% higher than is typically seen in device grade a-Si:H. This is typically interpreted as an increase in localized states within the bandgap region just above the valence band and below the conduction band resulting from structural disorder. It is believed that the carbon is incorporated into our films as a mixture of sp 2 and sp 3 carbon from ESR test (Solomon, 2001; Simonds (a), et al., 2009 ).
a-SiC single junction devices
The previous results suggest that high quality a-SiC:H can be fabricated with Eg ≥2.0eV. To test the viability of a-SiC:H material in device application, we have incorporated it into a p-in solar cell in the configuration, glass/Asahi U-Type SnO 2 :F/p-a-SiC:B:H/i-a-SiC:H/n-aSi/Ag as shown in Fig.9 . The Ag top contact defines the device area as 0.25cm 2 . The thickness of i-layer is ~300nm. show their J-V and quantum efficiency (QE) curves, respectively. As mentioned above, the three films with carbon concentration of 6%, 9%, and 11%, correspond to bandgaps of approx.2.0eV, 2.1eV and 2.2eV respectively. Though the bandgap increases with carbon concentration, the performance of a-SiC devices deteriorates quickly, especially the fill factor, implying an increase of the defects from carbon inclusion. As the carbon concentration increases, the QE peak shifts toward the short wavelength region and becomes smaller (Fig. 10 (b) ), resulting from higher defects density with bandgap (Madan & Shaw, 1988) . The influence of defects resulting from increased carbon can also be seen in the dark J-V curves. Here carrier transport is only affected by the built-in field and the defects in the films. As the carbon concentration increases, the diode quality factor deduced from the dark J-V curves also increases, which also implies loss due to increased defect densities (Simonds (b), et al., 2009 ). The device performances variation is consistent with the PDS data discussed above, where E 0 is 78, 85, and 98 meV for carbon concentrations of 6, 9, and 11%, respectively; increasing E 0 is indicative of increased defect state density (Madan & Shaw, 1988) . for comparison purposes we have also included a-Si H device without any carbon in absorber layer.
Device using a-SiC:H with bandgap of 2.0eV exhibited a good performance. under AM1.5 illumination, with Voc = 0.91V, Jsc=11.64mA/cm 2 , fill factor (FF) =0.657. We have also observed that FF under blue (400nm) and red (600nm) illumination exhibited 0.7 (not shown here), which indicates it is a good device and that a-SiC:H material is of high-quality. Compared with the normal a-Si:H devices ( Eg~1.75eV), the QE response peak shifts towards a shorter wavelength; asis to be expected at long wavelength the QE response is reduced due to the increase in its Eg. Jsc of ~8.45mA/cm 2 has been obtained with reduced aSiC:H intrinsic layer thickness (~100nm). This implies that it is possible to use a-SiC:H as a photoelectrode in PEC devices for STH efficiency >10%. Here a-SiC:H with bandgap of 2.0eV is selected to be used as the photoelectrode in PEC.
a-SiC:H used as a photoelectrode in PEC devices
An intrinsic a-SiC:H (~200nm) and a thin p-type a-SiC:H:B layer (~20nm) was used as the photoelectrode (Fig.11) to form a PV( a-Si tandem cell)/a-SiC:H device. In general, the a-
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SiC:H behaves as a photocathode where the photo generated electrons inject into the electrolyte at the a-SiC:H/electrolyte interface to reduce the H + for hydrogen evolution. This way, anodic reaction and thus corrosion on a-SiC:H layer can be mitigated. The current-potential characteristics of a-SiC:H photoelectrodes were measured with a three-electrode setup, with either saturated calomel electrode (SCE) or Ag/AgCl as the reference electrode (RE) and Pt as the counter electrode (CE). The samples were illuminated through the intrinsic a-SiC:H side under chopped light, using either a xenon or tungsten lamp (both calibrated to Global AM1.5 intensity calibrated with reference cell). However, due to difference in spectrum, the photocurrent of photoelectrodes varied depending on the light source used (Murphy, et al., 2006) . Typical current-potential characteristics of a-SiC:H photoelectrodes are shown in Fig.12 . The photocurrent density (J ph ) is defined as the difference between the current density without illumination (J dark ) and the current density under illumination. Initial experiments, using aqueous 0.0-0.5pH sulfuric acid electrolyte led to significant degradation during 10-minute test. The analysis of the initial results pointed towards using less acidic solutions (higher pH), which was described in elsewhere . It was found that a better photoelectrode performance (diminished corrosion and higher J ph ) was achieved in a pH2 electrolyte. Durability tests were carried out at NREL which involved a constant current density of -3 mA/cm 2 applied to the a-SiC:H photoelectrode. A tungsten lamp was used as the light source (calibrated to Global AM1.5 intensity with a 1.8eV reference cell). Electrolyte used was pH2 sulphamic acid/potassium biphthalate solution and a Triton X-100 surfactant. 12 shows J-V curves of a-SiC:H photoelectrode on textured SnO 2 substrate before (blue curve) and after 24-(orange curve) and 100-hour (pink curve) durability tests. It is seen that after the 100-hour durability test, J dark remains very low, suggesting the a-SiC:H photoelectrode is stable in electrolyte up to 100-hour (so far tested). Photo images of the surface morphology of tested a-SiC:H photoelectrodes also verify that they remain largely intact. Interestingly, both J ph and its onset change noticeably after the durability test, particularly after the 100-hour durability test. For instance, the photocurrent onset shifts anodically (towards a lower absolute potential) by ~0.6V. This means the extra voltage needed to overcome various overpotential and the non-ideal energy band edge alignment to the H 2 O/O 2 redox potential is lower after the durability test. We noted that increase in the test-duration time resulted in larger onset shift and increase in J ph . The exact reason for such a behavior is not known at the moment. Possible causes could be, (i) the native-grown SiO x on the surface of a-SiC:H film is probably eliminated (as described in more details later), and (ii) modification of the surface of a-SiC:H photoelectrode. Fig.13 shows the surface morphology of the a-SiC:H photolelectrode on Asahi U type SnO 2 before and after the 100-hour durability test. One can see that after the test, the surface Fig. 13 . SEM images of surface morphology of a-SiC:H photoelectrode (a) before and (b)after 100-hour durability test . morphology of a-SiC:H looks similar. The only difference is that after the test there are many tiny motes on the surface of a-SiC:H photoelectrode and it appears as if something deposited on it as shown the insert magnified image in Fig.13(b) , while before the test the surface is smooth (insert magnified image in Fig.13.(a) ). More work is needed to understand this.
Durability of a-SiC:H photoelectrodes
We have also noted changes, in the J-V characteristic after the 100-hour test, a-SiC:H photoelectrode when exposed to air as shown in Fig.14 . We note that after 10-day exposure to air, J-V characteristic remains unchanged. After exposing to air for 60 days J ph decreases and photocurrent onset shifts cathodically. The reason probably is that extended exposure to air could leads to SiO x formation on the surface of a-SiC:H photoelectrodes and its thickness could be time dependent.
Effect of SiO x on the surface of a-SiC:H
As seen in Fig.12 and 14, the J ph and its onset of a-SiC:H photoelectrodes could vary under different conditions. As discussed above, there is a possibility of SiOx layer formation on the surface of a-SiC:H photoelectrodes. Using X-ray photoelectron spectroscopy (XPS), we have investigated the surface of a-SiC:H films. Fig.15 shows the XPS spectra for an a-SiC:H film conditions of "as-is" and after etching with hydrofluoric acid (HF concentration of 48%) for different etching times, 10 to 60 seconds. It is clearly seen that there is a very thin SiO x (a few nm thick) which exists on the a-SiC:H surface, as evident by the peak around 104eV which is associated with the Si-O bonds in SiO x . The SiO x layer becomes thinner as the HF etching time become longer, and disappears eventually after an HF dip for 30 seconds. The peak around 101eV related to Si peak, remains the same. The XES curves of before and after HF dip are completely superimposed, which suggests that HF dip does not change the composition of a-SiC:H, as shown in Fig. 15(b) . XES curves of crystal SiC wafer, Si wafer and SiO 2 are also shown in Fig. 15 (b) as well as that of aSiC:H. Crystal SiC wafer has characteristic peaks at 91eV and 98eV while crystal Si wafer exhibits peaks at 90eV and 92eV. One can see that the data for a-SiC:H curve includes crystal Si and SiC characteristic peaks but not SiO peaks which would be at 87eV and 95eV a-SiC:H.
This data suggests that SiO x grows on the surface of a-SiC:H after deposition and when exposed to air and not during the fabrication process. In order to investigate the effect of thin SiO x on the J-V characteristic of the a-SiC:H photoelectrodes, the thickness of SiO x layer was systematically reduced using HF dip. Before the test, a-SiC:H photoelectrodes were measured, then dipped in HF for 10 to 30 seconds, and measured again. Fig.16 shows a comparison of J-V characteristics before and after the HF dip. It is seen that after HF dip, the J ph increases noticeably (absolute value), e.g., from -2.92mA/cm 2 to -5.54mA/cm 2 for HF-dip for 10-second, and -6.3mA/cm 2 for HFdip for 30-second at -1.4V vs.Ag/AgCl. Meanwhile, the photocurrent onset shifts anodically by about 0.23V for HF-dip for 30 seconds. Further increasing the dip time beyond 30 seconds, corrosion of a-SiC:H film was clearly evident (as seen clearly by naked eyes). Interestingly, after the a-SiC:H photoelectrode was removed from the electrolyte and exposed to air for 1.5 hours, the J-V characteristics was the same as after the HF dip (not shown here); however, after exposing to air for 67 hours, J ph degraded and completely returned to its initial value as shown in Fig.16 (red one). These results confirm without any doubt that the thin SiO x layer on the surface of a-SiC:H photoelectrodes indeed affects both J ph and its onset. Same HF dip experiments were repeated by the group in Hawaii (HNEI), in which SCE was used as RE and Xenon lamp calibrated to AM1.5 as light source. The results are the same as shown above in Fig.16 , except that higher J ph , (> 8mA/cm 2 ) was observed and possibly due to the use of a different light source.
Comparing Fig.16 with Fig.14 , though the effect of SiO x on J-V characteristics of a-SiC:H photoelectrodes is verified to some extent, J ph and its onset variations are significantly different. J-V characteristic of a-SiC:H photoelectrode after 100-hour durability test and exposed to air for 60 days returns, but not comes back its original value, while after HF-dip and exposure to air only for 67 hours J-V characteristic reverts to its initial value. Apparently, the durability test has modified the surface of a-SiC:H photoelectrodes, resulting in a favorable interface which facilitates photocurrent generation. More work is underway to understand the surface variation during durability test and its effect on the J ph and its onset.
Integration of the a-SiC:H photoelectrode with a-Si tandem device
The above results show that the a-SiC:H photoelectrode exhibits high photocurrent (i.e., up to ~8 mA/cm 2 ), and good durability in a pH2 electrolyte for up to ~100 hours. Its main drawback, however, is the non-ideal surface band structure. Our theoretical analysis showed that the hydrogen evolution reaction is thermodynamically allowed at the surface of the a-SiC:H photoelectrode, since the photogenerated electrons are of energy which is higher than the redox potential of H + /H 2 half-reaction. On the other hand, to promote oxygen evolution at the counter electrode, a minimum external bias of ~ -1.4 V is needed to bring the quasi-Fermi energy level of photogenerated holes below H 2 O/O 2 redox potential . In order to solve this non-ideal valence band edge alignment problem, an a-Si:H tandem solar cell was integrated into the PEC cell to form a hybrid PV/a-SiC:H configuration, as shown in Figure 17 (a). The substrate used for the hybrid PEC device was typically Asahi Utype fluorine-doped SnO 2 coated glass. Other types of substrates such as stainless steel and ZnO coated glass were also used for comparison purposes. The a-Si:H tandem solar cell which was used in the hybrid PEC device when fabricated into a solid state device exhibited Voc = 1.71 V, Jsc=7.02 mA/cm 2 , FF=0.74, and efficiency of ~9%, as shown in Figure 17 (b). Memming, 2000) . We note in Fig. 18 , that at pH2, V fb =+0.26 V (vs. Ag/AgCl) for the aSiC:H photoelectrode, whereas in the case of the hybrid device, the V fb significantly by ~ +1.6 V (as indicated by the red arrow) and is below the H 2 O/O 2 half-reaction potential (by +0.97 V) and is in an appropriate position to facilitate water splitting. Figs.19 (a) and (b) show the current density vs. potential characteristics for hybrid PEC device fabricated on different substrates, SnO 2 and ZnO coated glass and SS, and measured in the pH2 buffered electrolyte (sulphamic acid solution with added potassium biphthalate) using the 3-electrode and 2-electrode setup respectively. In the 2-electrode setup, there was no reference electrode and contained only the working electrode (hybrid PEC device) and the counter electrode which was ruthenium oxide (RuO 2 ) rather than conventional platinum (Pt). From Fig.19 (a) , we see the saturated photocurrent of the hybrid cell using different substrates is in the range of 3-5 mA/cm 2 . The larger photocurrent using SnO 2 (>4 mA/cm 2 ) coated glass substrate is due to the inherent texture of the SnO 2 which enhances internal photon absorption. More significantly, we see that the photocurrent density of ~0.3 mA/cm 2 occurs at a zero potential using the 2-electrode setup (Fig.19 (b) ). Hydrogen production was observed in a short-circuit condition . It should be noted that compared with the 3-electrode case the photocurrent measured in the 2-electrode setup (even using RuO 2 counter electrode) is much lower, suggesting limiting factors. We have noted that the over-potential loss in the 2-electrode setup can be due to, (1) type of electrolyte used, (2) type of counter electrode used and (3) formation of thin SiO x layer on the a-SiC:H surface. Initial results have shown that, after dipping the hybrid device into 5% hydrofluoric (HF) acid for 30 seconds and using RuO 2 as the counter electrode, the photocurrent is enhanced from 0.33 to 1.33 mA/cm 2 at zero bias in twoelectrode setup.
Durability of the hybrid PEC device
The test was performed in the pH2 buffered electrolyte, with Pt as the counter electrode. During test, a constant current density of 1.6 mA/cm 2 was applied to the device, while the
www.intechopen.com voltage (potential) across the sample was recorded over a 148-hour period. The current density vs. potential characteristics of the device prior to and after 22, 48 and 148-hour tests were measured in both the 3-and 2-electrode setups. Throughout these durability tests, H 2 production from the hybrid device occurred. Fig.20 (a) shows the current vs. potential curves measured prior to and after 148-hour test. These results show that the dark current shows almost no change, and hence no corrosion occurs in the hybrid device, after the 148-hour test, as is evident also in Fig.20 (b) and (c) . In the previous sections, we have shown that a-SiC:H photoelectrodes are durable in electrolyte for up to 100 hours (so far tested). The J ph , measured in a three-electrode setup, could be larger than 6mA/cm 2 (at -1.4V vs. Ag/AgCl) after removing SiO x layer on the surface. The extra bias is needed because, (1) the non-ideal energy band edge alignment to the H 2 O/O 2 redox potential, as confirmed by the flatband voltage measurement and (2) various over-potential losses, e.g., due to the surface SiO x barrier layer and various interfaces. Incorporating a-Si tandem photovoltaic device could eliminate the external bias as suggested by previous data. The schematic energy band diagram for a PV/a-SiC:H cell is shown in Fig.21 . Since a-Si:H tandem solar cell could provide a photovoltage (V ph2 +V ph3 ) of >1.8V (Shah, et al., 2004) , while the a-SiC:H photoelectrode could provide a photovoltage (V ph1 ) >0.5V (as shown by the initial tests), hence the total photovoltage in such a configuration (sum of V ph1 + V ph2 + V ph3 ) is expected to be >2.3 V. Thus, such a PV/a-SiC:H structure can provide needed voltage for water splitting, as confirmed by the results described in the previous sections. Further enhancement in the STH efficiency can be achieved by employing a nano-crystalline silicon single junction solar cell (nc-Si:H) in the tandem solar cell, and integrated with the aSiC:H photoelectrode as described in Fig.21 . Although the Voc of nc-Si single junction is ~0.55V (Mai, et al., 2005) , lower than that in a-Si single junction, but the sum of V ph1 + V ph2 + V ph3 is expected to be higher than 1.5V, still large enough for water splitting. It is possible that with such a configuration, a J ph >8mA/cm 2 could be generated, leading to STH efficiency up to 10% as shown in 
Conclusion
State-of-the-art a-SiC:H films have been prepared using RF-PECVD deposition technique. Incorporation of carbon in amorphous silicon network increases the bandgap to >2.0eV and adding H 2 during fabrication has led to a material with low defects. A-SiC:H with Eg=2.0eV used as the active layer in single junction solar cell led to an efficiency of ~7%, which also indicated that a-SiC:H is high-quality and that it has potential to be used as photoelectrode. Immersing in pH2 sulphamic acid electrolyte a-SiC:H photoelectrodes exhibit durability for up to 100 hours (so far tested). J ph increases as well as photocurrent onset shifts towards anodically after durability test. This behavior could be due to a change in the surface structure of the a-SiC:H photoelectrode, or partially due to elimination of the surface SiO x layer. HF etch experiment confirmed that the SiO x layer on the surface of a-SiC:H indeed affects both J ph and its onset. After removing SiO x layer, a-SiC:H photoelectrode exhibited a J ph over 6 mA/cm 2 at potential -1.4V (vs. Ag/AgCl), compare to that less than 4mA/cm 2 (vs. Ag/AgCl). More analysis needs to be done to understand the mechanisms and improve the interface between aSiC:H and electrolyte and hence to increase J ph . Our initial PV/a-SiC:H used as photoelectrode has exhibited ~1.33mA/cm 2 current density under zero volt external bias, and the photocurrent onset shifts enormously, from ~ -0.6V to ~ +1.2V, or by a net ~1.6v. Hydrogen production has been demonstrated in this type of hybrid PEC cell. It exhibits good durability in aqueous electrolytes for up to ~150 hours. Work on further increasing the photocurrent in such a PV/a-SiC:H device is underway. We have also shown by simulation that it is possible to achieve STH efficiency >10% using such PV/a-SiC:H devices.
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